Intermittent High Reynolds number wind tunnel AIAA-78-766 by Stollery, JL & Murthy, AV
78- 766 AN INTERMITTENT HIGH REYNOLDS NUMBER WIND TUNNEL 
J.L. S to l l e r y  
Cranf ie ld  I n s t i t u t e  o f  Technology, Bedford, England 
and 
A.V. Murthy 
National Aeronautical Laboratory, Bangalore, India.  
Abstract 
The paper suggests a simple method o f  
generating i n te rm i t t en t  reservo i r  condi t ions f o r  an 
i n tenn i t t en t ,  cryogenic wind tunnel .  
done by operat ing some e x i s t i n g  types o f  shor t -  
durat ion tunnels ' i n  reverse' .  Two examples are 
considered (a) a modi f i ca t ion  o f  the Ludwieg 
Tube (b )  the Isent rop ic  L igh t  Piston Tunnel. 
The sizes o f  tunnels required t o  meet the 
European and American spec i f i ca t ions  f o r  a h igh 
Reynolds number tunnel w i t h  a 10 second running 
time are given together w i t h  proposals f o r  a more 
modest National o r  Un ivers i ty  f a c i l i t y  w i t h  a one 
second t e s t  time. 
This can be 
1. In t roduct ion  
The spec i f i ca t i on  f o r  the new European 
transonic h igh  Reynolds number wind tunnel includes 
the fo l lowing t e s t  condit ions: 
Reynolds number (see nota t ion)  = 40 x l o 6  
Mach number = 0.9 
Running t i m e  a 10 seconds 
I n  add i t ion  an upper l i m i t  o f  6 atmospheres o f  
pressur isat ion was chosen on the grounds o f  cost  
and s t ruc tu ra l  i n t e g r i t y .  
and the maximum pressure o f  6 bars t h i s  
Spec i f i ca t ion  f i xes  the t e s t  sect ion area a t  21 
square metres and the dimensions suggested were 
5 metres wide and 4.2 metres high. 
For tunnels operat ing a t  ambient temperature 
The four  competing designs were: 
( i )  the Ludwieg Tube (LT) 
( i i )  the Evans Clean Tube 
( i i i ) t h e  I r j e c t o r  Driven Tunnel 
( i v )  ths Cryogenic Tunnel (CT) 
Papers descr ib ing these various f a c i l i t i e s  can be 
found i n  Ref .1 . 
The European Working Party made an extensive study 
o f  the mer i ts  and drawbacks o f  the  various 
proposed f a c i l i t i e s  and h i red  a well-known firm o f  
in ternat iona l  consultants t o  g ive : 'ndependent 
assessment o f  the t o t a l  cost ( cap i t a l  p lus 
operating) o f  each o f  the four tunnels. 
The comparison (Ref .2 ) shows tha t  the 
cryogenic tunnel has s i g n i f i c a n t  advantages. 
operating a t  120°K the spec i f i ca t i on  can be met by 
a much smaller tunnel. 




A t  6 atmospheres the tunnel 
the manufacture o f  de ta i led  models the s i z e  
suggested has been increased t o  1.9% x 1.65m and 
the tunnel pressure dropped t o  4.4 bars. 
inf luence o f  s ize  on cost i s  so great tha t  the 
cryogenic p r i n c i p l e  i s  the l eas t  expensive, even 
when applied t o  a f u l l y  continuous tunnel as the 
design submitted implied. Coupled w i th  the unique 
a b i l i t y  t o  vary Mach nunber, Rey:iolds number and 
the dynamic pressure t o t a l l y  independently, the 
mer i ts  o f  the cryogenic tunnel become i r r e s i s t i b l e  
Europeac ,ountries should a t  some t i m e  and place 
b u i l d  a continuous cryogenic tunnel. 
worthy tna t  the USA i s  cur rent ly  bu i ld ing  such a 
tunnel t o  meet the even more demanding 
spec i f i ca t ion  o f  = 120 x 106, = 0.9, 
p = 8.8 bar, w i t h  a t e s t  section o f  8 f t .  ( 2 . h )  
sfluare. 
Notation 
A cross sectional area o f  the tunnel t e s t  
M, t e s t  section Mach nunber 




To reservo i r  temperature 
The 
The decision has now been taken tha t  the 
I t  i s  note- 
section 
Reynolds number based on a length o f  0 . 1 ~ K  
Reynolds nunber based on turbine blade chord 
ambient temperature, taken as 3002K here 
2. An In termi t ten t  Cryogenic Tunnel 
O f  course the cryogenic p r i nc ip le  can be 
appl ied t o  any type o f  tunnel whether i t  be 
continuous o r  i n te rm i t t en t  i n  action. Indeed the 
proponents o f  the Ludwieg Tube showed how the pump 
tube could be re f r igera ted and shortened f o r  
cryogenic operation, (Ref .1) . However i t  seems 
fundamentally incompatible t o  use a 'continuous' 
cool ing p r i nc ip le  w i th  an i n tenn i t t en t  f a c i l i t y  
pa r t  i cul a r l  y s i  nce hyperson i c  i n  termi t ten t tunnels 
bave long since shown how t o  obtain almost any 
desired reservo i r  condit ion. A number o f  such 
i n t e n i t t e n t  f a c i l i t i e s ,  e.g. shock tubes, shock 
tunnels, gun tunnels and 1 i g h t  or heavy-piston 
tubes, have been developed over the years. 
but  gun tunnels tave achieved t e s t  times o f  tens 
o f  mil l i-seconds. The Ludwieg tube can generate 
any desired t e s t  time but only a t  the expense o f  
great length (Fig.1). 
than the Ludwieg Tube because i t  uses a moving 
wal l  (p iston) t o  cancel the re f l ec t i on  o f  the 
expansion iai: (Fig.2). 
Shock tunn?ls have a very short running time 
The ECT can be much shorter 
I n  t h i s  way the whole of 
the  d r i v i n g  chamber volune can be used f o r  t e s t  
gas ins tead  o f  the  d r i v i n g  chamber l e n g t h  
d e t e n i n i n g  the running t ime. A group a t  Oxford 
U n i v e r s i t y  have used these ideas t o  develop two 
i n t e r m i t t e n t  f a c i l i t i e s  which g i v e  extended 
running t imes. 
:lie purpose o f  t h i s  note i s  t o  p o i n t  ou t  
t h a t  by opera t ing  a number of a l ready  w e l l  
developed tunnel d r i v e  techniques ' i n  reverse ' ,  
t h e  cryogenic r e s e r v o i r  cond i t i ons  r e q u i r e d  f o r  a 
High Reynolds number Transonic Tunnel can be 
achieved. 
2.1 The Ludwieg lube  w i t h  L i g h t  P i s t o n  
ress ion  e a t i n  
The L I C H  tube (Ref.3) was s p e c i f i c a l l y  
developed t o  p rov ide  e leva ted  s tagna t ion  
temperatures w i thou t  preheat ing t h e  t e s t  gas. 
The mode o f  opera t ion  i s  shown schemat ica l l y  i n  
F ig .  3. Obviously  i f  t h e  l i g h t  p i s t o n  i s  used t c  
expand t h e  gas i s e n t r o p i c a l l y  r a t h e r  than compress 
i t  then cryogenic  r e s e r v o i r  c o n d i t i o n s  can be 
achieved. ( F i g . 4 ) .  The f i n a l  p o s i t i o n  o f  t h e  
p i s t o n  would be a t  o r  near t h e  end f u r t h e s t  f rom 
the t e s t  s e c t i o n  and so waves r e f l e c t e d  f rom 
the  p i s t o n  would be o f  l e s s  importance compared 
w i t h  t h e  co rp ress ive  mode developed a t  Oxford. 
2.2 The I s e n t r o p i c  L i g h t  P i s t o n  Tunnel ( I L P T l  
( Ref. 4 .l 
The tunnel  descr ibed i n  s e c t i o n  2.1 s t i l l  
behaves f ' n a l l y  as a Ludwieg Tube w i t h  t h e  
running time l i m i t e d  by charge tube length.  
method o f  i nc reas ing  t h e  t e s t  t ime  i s  t o  make t h e  
f a r  end o f  t h e  LT movable i n  such a way as t o  
'cancel  ' t h e  expansion f a n  generated by s t a r t i n g  
the f l o w  t o  the  nozz le  and t e s t  sec t ion .  Th is  i s  
done i r  t h e  ECT by ' t u n i n g '  t h e  mot ion o f  a 
p i s t o n  (see ' f i gs .1  and 2 ) .  1i1 the ILPT t h e  
charge tube i s  s h o r t  and ' f a t '  and t h e  runn ing  
t ime i s  f a r  g r e a t e r  thaa the  wave t r a n s i t  t ime  
a long t h e  tube. 
heat t h e  t e s t  93s by compression and subsequently 
move5 so as t c  compensate f o r  t h e  v o l u n e t r i c  
o u t f l o w  through the  t e s t  s e c t i o n  and steady 
c o n d i t i o n s  a re  achieved as shown i n  f i q . 5 .  
Because t h e  work ing s e c t i o n  area i s  smal l  i n  
comparison w i t h  the  charge tube  cross s e c t i o n a l  
area t h e  expansion waves formed when t h e  nozz le 
opens a r e  o f  small  ampl i tude.  The p i s t o n  does 
produce compression waves which cancel these 
r a r e f a c t i o n s  o v e r a l l  b u t  due t o  t h e i r  w a l l  
magnitude i t  i s  n o t  necessary t o  p r o g r a m  t h e  
p i s t o n  t o  achieve exact  c a n c e l l a t i o n  as i s  done 
i n  t h e  ECT. 
One 
I n i t i a l l y  t h e  p i s t o n  i s  used t o  
Currently t h e  Oxford ILPT f a c i l i t y  i s  be ing 
used f o r  ' h i g h '  temperature, ' l ow '  Reynolds 
nunber t e s t s  t o  s imu la te  as t u r b i n e  b lade f l o w  
The compression and t e s t  t imes a r e  t y p i c a l l y  0.6 
and 0.3 seconds. I f  t b e  o p e r a t i o n  o f  such a 
tunne l  was t o  be a l t e r e d  w i t t .  the i r . i t i a 1  p i s t o n  
inot ion reversed, as shown i n  f i g .6 ,  then t h e  
f a c i l i t y  cou ld  become a simple cryogenic  h i g h  
Reynolds number tunne l .  
condit ion: (e.9. To = 430 % K Rec = 1.2 x l o6 ) .  
2 
3. Some Approximate Performance Estimates 
3.1 The European S p e c i f i c a t i o n  
Given the  r e s e r v o i r  condi t ions,  po = 4.4 bar  
and To = 120°K, a t e s t  Mach number M, = 0.9 and a 
working s e c t i o n  area o f  1.9% x 1.65111, t h e  t o t a l  
t e s t  mass requ i red  f o r  a 10 second running tia i s  
53 tonnes (3600 s lugs) .  
i s  4,060111~ (143,000 f t3)  which means f o r  example 
a 4m diameter c y l i n d e r  over  3OOm long; a 
considerable s i z e .  
which t h e  t e s t  gas must expand i s  g iven  by 
The corresponding volume 
The pressure r a t i o  through 
where Ta i s  the ambient temperature ( taken here as 
300°K). 
Thus p a r t  o f  the  charge tube must be s t ressed 
t o  w i ths tand  a pressure o f  25 x 4.4 = 110 bars.  
A l t e r n a t i v e l y  a separate h i g h  pressure d r i v e  
vessel cou ld  be used as shown i n  Fig.?. 
Although t h i s  f a c i l i t y  i s  q u i t e  l a r g e  i t  i s  
ext remely simple and i n  comparison w i t h  t h e  
a l t e r n a t i v e  proposals i t  may be f a r  cheaper. The 
.important quest ions which remain concern the  
q u a l i t y  o f  the  f l o w  and the  v a r i a t i o n  a f  the  c o l d  
r e s e r v o i r  temperature ( i n i t i a l l y  120°K) dur ing  the 
r u n  due t o  heat t r a n s f e r  i'rm the  tube w a l l s .  
3.2 The American S p e c i f i c a t i o n  
I f  the  more ambit ious Reynolds number of 
120 x 106 i s  r e q u i r e d  i n  an 8'  x 8 '  tunnel  
s t ressed f o r  a r e s e r v o i r  pressure o f  8.8 bars then 
t h e  corresponding f i g u r e s  are:  
Test  mass = 194 tonnes (13,300 s lugs)  
Volume o f  charge tube = 7,400m3 (260,000 f t 3 )  
Dr i ve  pressure = 25 x 8.8 = 221, h r s  
3.3 A Nat ional  o r  U n i v e r s i t y  F a c i l i t x  
For i n d i v i d u a l  na t ions  o r  i n d i v i d u a l  
l a b o r a t o r i e s  much more modest f a c i l i t i e s  a re  
i n e v i t a b l e .  Nevertheless t h e  use o f  t h e  
i n t e r m i t t e n t  cryogenic  p r i n c i p l e  can increase the 
Reynolds number range s i g n i f i c a n t l y .  Taking the  
somewhat a r b i t r a r y  s t r u c t u r a l  l i m i t  o f  6 bars and 
a 0.6m x 0 . b  ( Z f t  square) + s t  sec t ion  designed 
f o r  M, = 0.9, the  charge rdbe volune requ i red  f o r  
a one second run i s  4?m3 (1650f t3)  e.g. a 2m 
c y l i n d e r  1% long. 
cou ld  be achieved would be n e a r l y  19 x l o 6  compared 
w i t h  a s t r a i g h t  blowdown f i g u r e  (po = 6 bars, 
To = 300°K) o f  5.2 x l o6 .  
The ReynrJlds nunber t h a t  
4. F i n a l  Remarks 
I f  t h e  cryogenic p r i n c i p l e  i s  t o  be app l ied  
t o  an i n t e r m i t t e n t  f a c i l i t y  then +t seems 
sens ib le  t o  apply  i t  i n t e n n i t t e h t l y .  
Two e x i s t i n g ,  opera t iona l ,  l i g h t - p i s t o n  
tunnels  a re  considered as examples. 
t h a t  cryogenic  r e s e r v o i r  cond i t i ons  can be 
I t  i s  shown 
ODtained by revers ing  tne :n : r ia l  p i s t o n  ~ L I U I I .  
The cryogenic  i n t e n n i t t e n t  tunne l  descr ibed 
here i s  extremely simple and should be r e l a t i v e l y  
inexpensive. 
t o  match t h e  f low q u a l i t y  t h a t  wou!d be achieved 
i n  the equ iva len t  cont inuous f a c i l i t y .  
Fur ther  s tud ies  o f  i n t e r m i t t e n t  cryogenic 
tunnels  should be made f o r  they may increase t h e  
o p p o r t u n i t i e s  f o r  h i g h  Reynolds number research. 
I t  would be i n t e r e s t i n g  t o  cos t  an i n t e r m i t t e n t  
European f a c i l i t y  w i t h  a running t ime o f  say 
1 second capable o f  e x p l o r i n g  t h e  Reynolds number 
range 40 x l o 6  < Re 4 120 x 106 
However i t  i s  u n l i k e l y  t o  ce a b l e  
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Fig.1. A conventional Ludwieg Tube 
Only p a r t  o f  the t e s t  gas ( r e g i o n  ( 2 ) )  i s  used 
dur ing  the running time. 
3 
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Fig.2. Principle of the ECT. 
A s o l i d  p i s t o n  i s  ' t uned '  t o  the  i n i t i a l  
r a r e f i c a t i o n  fan.  There i s  no r e f l e c t e d  wave, 
the  p i s t o n  mot io r  i a in ta ins  a constant pressure 
r e s e r v o i r  o f  gas, a l l  o f  which can be used fo r  
t e s t  purposes. 
- Reservoir 
Piston position 
,- Initial F ind  3 





Fig. 3. Conventional Lich Tube operation 
to generate Q hot test gas 
Valve - Piston position 
Final Initial 7 
Pressure - 
( 4 c )  
Fig.4. Reverse Lich Tube operation to 
generate cryogenic test conditions. 
I n  both cases the tunnel subsequently operates as 
a Ludwieg t u b e .  I n  conventional Lperation (Fig .3)  
the  flow i s  complicated by reflections from ( i )  
the piston and ( i i )  from the temperature gradient 
along the charge tube generated during the 
compression process. Neither of these 
complications should occur in 'reverse operation' 
- Fig.4.  
lest secton 
Reservoir Nozzle, diaphragm 
Piston Or valve -% 
Charge tube -1 
A 
Pressure 
'L- Constant pressure 
achieved by matching 




The conventional I LPT 
(from Ref .4)  
4 




region ( 2 )  
, Time 
T i m  t 
Open exhaust -- 
port (A)  Piston motion -M 
Hlqh pressure 
'c) 
re s~ r voi r -- 
Medium pressure 
reservoir 
I Piston -- 
Fig. 7. The cryogenic tube with 
separate reservoir ( A )  
The method o f  opera t ion  i s  s i m i l a r  t c  t h a t  shown 
i n  F ig.6.  Yalve ( a )  i s  opened t o  a l low the h i g r  
oressure a i r  i n  A t o  e n t e r  reg ion  ( 2 )  and, i n  
doing work against  the  p is ton ,  cool t o  the des1r-e 
cond i t i ons .  The nozzle i s  then opened, together  
w i t h  va lve (b),  and the p i s t o n  motion tuned t o  
match the  ou t f low o f  t e s t  gas. 
( w i t h  s u i t a b l e  p i p i n g )  could probably be used f o r  
both func t ions  A and 6 .  
A s i n g l e  reservc ' r  
Fig.6. The cryogenic ILPT 
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and the maximum pressure o f  6 bars t h i s  
Spec i f i ca t ion  f i xes  the t e s t  sect ion area a t  21 
square metres and the dimensions suggested were 
5 metres wide and 4.2 metres high. 
For tunnels operat ing a t  ambient temperature 
The four  competing designs were: 
( i )  the Ludwieg Tube (LT) 
( i i )  the Evans Clean Tube 
( i i i ) t h e  I r j e c t o r  Driven Tunnel 
( i v )  ths Cryogenic Tunnel (CT) 
Papers descr ib ing these various f a c i l i t i e s  can be 
found i n  Ref .1 . 
The European Working Party made an extensive study 
o f  the mer i ts  and drawbacks o f  the  various 
proposed f a c i l i t i e s  and h i red  a well-known firm o f  
in ternat iona l  consultants t o  g ive : 'ndependent 
assessment o f  the t o t a l  cost ( cap i t a l  p lus 
operating) o f  each o f  the four tunnels. 
The comparison (Ref .2 ) shows tha t  the 
cryogenic tunnel has s i g n i f i c a n t  advantages. 
operating a t  120°K the spec i f i ca t i on  can be met by 
a much smaller tunnel. 




A t  6 atmospheres the tunnel 
the manufacture o f  de ta i led  models the s i z e  
suggested has been increased t o  1.9% x 1.65m and 
the tunnel pressure dropped t o  4.4 bars. 
inf luence o f  s ize  on cost i s  so great tha t  the 
cryogenic p r i n c i p l e  i s  the l eas t  expensive, even 
when applied t o  a f u l l y  continuous tunnel as the 
design submitted implied. Coupled w i th  the unique 
a b i l i t y  t o  vary Mach nunber, Rey:iolds number and 
the dynamic pressure t o t a l l y  independently, the 
mer i ts  o f  the cryogenic tunnel become i r r e s i s t i b l e  
Europeac ,ountries should a t  some t i m e  and place 
b u i l d  a continuous cryogenic tunnel. 
worthy tna t  the USA i s  cur rent ly  bu i ld ing  such a 
tunnel t o  meet the even more demanding 
spec i f i ca t ion  o f  = 120 x 106, = 0.9, 
p = 8.8 bar, w i t h  a t e s t  section o f  8 f t .  ( 2 . h )  
sfluare. 
Notation 
A cross sectional area o f  the tunnel t e s t  
M, t e s t  section Mach nunber 




To reservo i r  temperature 
The 
The decision has now been taken tha t  the 
I t  i s  note- 
section 
Reynolds number based on a length o f  0 . 1 ~ K  
Reynolds nunber based on turbine blade chord 
ambient temperature, taken as 3002K here 
2. An In termi t ten t  Cryogenic Tunnel 
O f  course the cryogenic p r i nc ip le  can be 
appl ied t o  any type o f  tunnel whether i t  be 
continuous o r  i n te rm i t t en t  i n  action. Indeed the 
proponents o f  the Ludwieg Tube showed how the pump 
tube could be re f r igera ted and shortened f o r  
cryogenic operation, (Ref .1) . However i t  seems 
fundamentally incompatible t o  use a 'continuous' 
cool ing p r i nc ip le  w i th  an i n tenn i t t en t  f a c i l i t y  
pa r t  i cul a r l  y s i  nce hyperson i c  i n  termi t ten t tunnels 
bave long since shown how t o  obtain almost any 
desired reservo i r  condit ion. A number o f  such 
i n t e n i t t e n t  f a c i l i t i e s ,  e.g. shock tubes, shock 
tunnels, gun tunnels and 1 i g h t  or heavy-piston 
tubes, have been developed over the years. 
but  gun tunnels tave achieved t e s t  times o f  tens 
o f  mil l i-seconds. The Ludwieg tube can generate 
any desired t e s t  time but only a t  the expense o f  
great length (Fig.1). 
than the Ludwieg Tube because i t  uses a moving 
wal l  (p iston) t o  cancel the re f l ec t i on  o f  the 
expansion iai: (Fig.2). 
Shock tunn?ls have a very short running time 
The ECT can be much shorter 
I n  t h i s  way the whole of 
